Carbohydrate metabolism of skeletal muscle from rhesus fetuses at 58% of gestation (95 days) is sensitive to epinephrine in vitro. Epinephrine increased lactate production and decreased glucose uptake, 14 C-lactate production, glycogen content, and 14 Cglycogen formation as well as 14 CC>2 production. These responses to epinephrine are similar to those in adult muscle. However, in some cases the magnitude of these responses appears lower in fetal muscle. The content of cyclic 14 C-adenosine 3',5'-monophosphate (cyclic 14 C-AMP) was about 2.5-fold higher in the 100-day fetal muscle than in the adult. Epinephrine stimulated adenylate cyclase activity almost threefold in fetal and fourfold in adult muscle. When incubated with muscle from 85-day fetal monkeys, insulin increased glucose uptake, lactate and lactate-14 C production, and 14 CO 2 production; the greatest effect was found in the increased incorporation of labeled glucose into glycogen. Both synthetase I and phosphorylase a activities were present at 78-80 days of fetal age. Our data show that as early as about 58% of term the carbohydrate metabolism of fetal rhesus muscle in vitro is sensitive to epinephrine and that the hormone probably acts through the adenylate cyclase and the "second messenger" system of cyclic AMP as it does in adult muscle.
Introduction
Fetal endocrine glands have a physiologic function in the overall growth and development of the fetus [18, 23] . However, the role of specific hormones in regulating the metabolism of fetal target organs is still poorly understood.
In the primate and human fetus, placental transfer of insulin, if any, is small [2, 22] , and the major source of fetal insulin is probably the fetal pancreas [1] . In early gestation (13-18 weeks) , the human fetal pancreas is relatively unresponsive to increases in maternal [25] and fetal [2] blood sugar although there is insulin present in fetal blood and preparations of the isolated human fetal pancreas release insulin when challenged with physiologic stimuli other than glucose [12, 24] . The fetal pancreas of the rhesus monkey is also unresponsive to a glucose challenge [22] . However, Freinkel [13] observed that the fetus is probably unresponsive to insulin for most of its intrauterine life. Clark et al. [10] were unable to show any effect of exogenous insulin on the incorporation of 14 C from glucose into lipid, glycogen, and protein in the 20-day fetal rat and concluded that although insulin was present in fetal rat serum, its role was unclear. These workers analyzed entire fetuses and pointed out that individual fetal tissues might yield different results. In a later paper Clark [8] suggested that the intact rat fetus had an endogenous insulin level that was sufficient to produce a maximal rate of glucose utilization. Other workers [19] were able to lower fetal rat blood glucose on day 20.5, 1 hr after insulin injection in utero, and Chez et al. [7] have reported evidence that insulin is biologically active in the rhesus fetus in vivo.
Epinephrine is present in the adrenal medulla of the human fetus at about 4 months of age [1, 15] . To our knowledge, no data have been reported on the ontogeny of catecholamine production in the rhesus fetus, on the circulatory levels of epinephrine and norepinephrine, or on the placental transfer of these hormones, although Jost [17] believes that adrenomedullary hormones are probably not transferred from mother to fetus. Data on the effect of specific hormones such as insulin and epinephrine on the metabolism of individual fetal tissues in mammals is remarkably scarce.
In the present report, we have compared the effects of epinephrine in vitro on the carbohydrate metabolism of fetal and adult voluntary skeletal muscle from rhesus monkeys (Macaca mulatto) and have determined its effect on the adenylate cyclase system in the two series of animals. Previously [6] we demonstrated that, on a percentage basis, insulin was as effective in increasing the conversion of w C-glucose to 14 C-labeled glycogen, lactate, and CO 2 in muscle from the rhesus fetus at 125 days (76 %) of gestational age as in muscle from the adult rhesus. We now find that rhesus fetal muscle as early as 85 days or 52 % of gestational age is also sensitive to insulin. Data on glycogen synthetase and phosphorylase activities show that the active forms of both enzymes are present in fetal muscle as early as 80 days of fetal age.
Methods
Three series of five rhesus fetuses (M. mulatto) were used in these experiments: 80-90 days of gestational age (designated 85-day series or 52 % of term) for the insulin study, 90-101 days (designated 95-day series or 58% of term) for the epinephrine experiments, and 100 days gestational age (61 % of term) for the adenylate cyclase activity determinations. The average gestation period in our colony is 165 days. The females had been placed with males for 3 days and the length of gestation was calculated from the 2nd day. The mothers were anesthesized intramuscularly with 1.0 mg/kg of 1-(1-phenylcyclohexyl)piperidine hydrochloride [11, 31] and the fetuses were removed and exsanguinated. Samples were taken from the muscles of the thigh; samples from the sartorius muscle of adult rhesus were obtained at biopsy. Muscle fiber groups were prepared and incubated as described [3] .
Metabolic Experiments
For the insulin and epinephrine experiments, tissue samples were incubated in duplicate for 135 min in 2 ml Krebs glycylglycine or bicarbonate-buffered medium, pH 7.4, at 37°, containing 5.5 ^moles glucose/ml under either 100% O 2 or 95 % O 2 + 5 % CO 2 . U-14 C-Glucose (1 or 2 jiiCi/ml) was added at the end of a 15-min equilibrium period. Media concentrations of hormones in the appropriate flasks were 10 mU/ml for insulin and 6 X 10~6 M for epinephrine. Lactate production into the medium, radioactivity in lactate, and CO 2 were determined as described [3] . Tissues were digested in hot 30 % KOH and the glycogen isolated with the technique of Good et al. [14] . Glycogen content and radioactivity in the glycogen fraction was determined as previously described [3] . Nitrogen was determined on muscle samples with the Technicon AutoAnalyzer after Kjeldahl digestion. Results are expressed in terms of the nitrogen content of muscle since metabolic activity is more closely associated with the nitrogen content of a given tissue than with dry or wet weight values.
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Enzyme Assays
Adenylate cyclase activity was determined from the formation of cyclic [8] [9] [10] [11] [12] [13] [14] C-AMP from ATP labeled by incubation with 8-w G-adenine [21] . This technique does not quantitatively measure adenylate cyclase activity, inasmuch as all the labeled cyclic AMP produced may not be formed from the total pool of ATP. However, this method does give information on the sensitivity of the adenylate cyclase system to hormones in intact tissues [27] . Muscle fiber groups (80-150 mg) from the hind limbs of rhesus fetuses at 100 days of gestational age or from the sartorius muscle of adult monkeys were incubated in Krebs HEPES-buffered medium (20 mil HEPES, 123 mM NaCl, 2.5 m M KG1, 1.8 mM CaCl 2 , 0.62 mM KH 2 PO 4 , and 0.62 mM MgSO 4 ) containing 100 mg/100 ml glucose, 1 % bovine serum albumin, and 1.7 M Ci 8-14 G-adenine per ml, pH 7.4, at 37° for 1 hr. At the end of this period, the 14 G-labeled medium was removed, and the flask and tissues were rinsed with 1 ml fresh, unlabeled adenine-free medium and reequilibrated for 5 min in a second 1-ml aliquot of unlabeled medium containing 1 mg/ml caffeine. Epinephrine equivalent to 6 X 10~6 M final concentration in the medium was then added to appropriate flasks from a sidearm. After an additional 10-min incubation, the tissues were quickly removed, drained, and immediately frozen in liquid nitrogen.
For cyclic AMP assay, the frozen tissues were placed in 0.5 ml of a solution containing 12.5 m carrier cyclic AMP, 40 mM ATP, and approximately 5 X 10 3 dpm 3 H-cyclic AMP and heated immediately for 10 min at 100°. The tissues were homogenized and centrifuged and the supernatant assayed for cyclic AMP according to the method of Krishna et al. [20] by passage through a column (0.7 X 5 cm) of Dowex 50W-X8 (100-200 mesh) and elution with water. The fraction eluting between 2.5 and 6.5 ml was collected and treated with 0.2 ml each of 0.15 M Ba(OH) 2 and 0.15 M ZnSO 4 ; the precipitate was separated by centrifugation for 10 min at 3,000 rpm. A second addition of the Ba(OH)o-ZnSC>4 was made to the cleared supernatant without disturbing the precipitate. Supernatant (2 ml) was added to 15 ml 20% Beckman Bio-Solv in 0.4% Omnifluor in toluene, and the 14 G and 3 H activities were counted in a Philips liquid scintillation analyzer with dual label settings. Recovery of cyclic 'H-AMP averaged from 28-42 %.
Total glycogen synthetase and total phosphorylase activities and that of the active forms of the enzymes (synthetase I and phosphorylase a) were determined as described [5] .
Data were analyzed on the basis of paired observations and P values calculated from the two-tailed t test.
Results
The data in Table I indicate that the carbohydrate metabolism of skeletal muscle from rhesus fetuses at 58 % of gestational age (95 days) is sensitive to epinephrine in vitro. Epinephrine increased unlabeled lactate production and decreased glucose uptake, w G-lactate production, glycogen content, and 14 C-glycogen formation as well as 14 CC>2 production (Table I) . These metabolic responses to epinephrine in fetal muscle are similar to those in adult muscle (Table II) ; however, in some cases the magnitude of these responses appears lower in fetal muscle. For instance, on the basis of percentage of change with epinephrine, unlabeled lactate production increased 46% in fetal muscle and 188% in adult muscle. In quantitative terms, epinephrine increased lactate production by 0.30 /xmoles/mg N/2 hr in fetal and 0.49 jumoles/mg N/2 hr in adult muscle. We have calculated from the specific activities of the lactate and substrate glucose (sp act lactate/sp act glucose X 100) that in the control series, 69% of the lactate produced by fetal muscle and 75 % by adult muscle originated from substrate glucose. With epinephrine these values decreased to 36 % for fetal and 25 % for adult muscle. Assuming a minimal amount of lactate produced from noncarbohydrate sources, 31 % of the lactate in the fetal series and 25 % in the adult series arose from glycogen breakdown. After epinephrine, these values were increased to 64 % and 75 %, respectively. In preliminary experiments, no differences were found in metabolic responses at 3 X 10~6 M and 6 X 10~6 M concentrations of epinephrine. Therefore, the latter was considered to be a maximal concentration.
The decrease in 14 C-lactate production induced by epinephrine in the fetal series but not in the adult cannot be explained on the basis of the lowered glucose uptake alone, inasmuch as the decrease in 14 G-glucose uptake with epinephrine was similar in both series (13 % and 11%). However, the decreased incorporation of 14 G label into glycogen was greater in adult muscle (3.5 dpm X 10 4 /mg N, Table II ) than in fetal muscle (1.3 X 10 4 dpm/mg N, Table I ); therefore, in the adult series with epinephrine, the additional 14 G-glucose made available for utilization via the glycolytic cycle masked the effect of a decrease in 14 G-glucose uptake. The glucose-to-glycogen pathway appears to be at least as active in fetal as in adult muscle. When the actual amounts of glucose converted to glycogen during the experimental period were estimated, fetal muscle converted 61 /xmoles/g N/2 hr of glucose to glycogen and adult muscle converted 54 /mioles/g N/2 hr.
In the presence of caffeine (1 mg/ml), the content of 14 G-cyclic AMP was about 2.5-fold higher in the 100-day fetal muscle than in the adult (Table III) . Epinephrine stimulated adenylate cyclase activity almost threefold in fetal and fourfold in adult muscle; however, the absolute increase in fetal muscle was twice that in the adult.
When incubated with muscle fiber groups from 85-day fetal monkeys, insulin increased glucose uptake, lactate and 14 G-lactate production, and 14 CC>2 production (Table IV) ; the greatest effect was found in the in- 4, at 37° containing 1% albumin, 100 mg/ 100 ml glucose and 1.7 ,uCi 8-14 C-adenine/ml and then in nonlabeled medium containing 1 mg caffeine/ml with and without 6 / XM epinephrine for 10 min. Tissues were frozen and stored in liquid N 2 . Cyclic AMP was determined on the supernatant after homogenization according to the method of Krishna et al. [20] . For additional details, sec Methods. 1 Values are means ± SE for five fetuses. Statistical analysis on the basis of paired observations. Muscle fiber groups were incubated for 135 min in Krebs glycylglycine-buffered medium, pH 7.4, at 37° plus 5.5 jtmoles U-I4 C-glucose/ml. Specific activity of glucose in the medium was 37.3 X 10 4 dpm//imole glucose. Uu C-Glucose (1 /tCi/ml medium) was added at the end of the 15-min equilibrium period. NS : not significant. 2.6 ± 0.7 28.5 creased incorporation of labeled glucose into glycogen. Oxygen consumption and the glycogen content of muscle were unaffected by insulin.
In a limited series of three 78-day rhesus fetuses, we reported [4] that no significant synthetase I or phosphorylase a activity could be demonstrated in muscle since the average values were not significantly different from 0. When five or more fetuses at 80 days of gestational age were added to the series subsequently, both synthetase I and phosphorylase a activities were present at 78-80 days of fetal age (Table V) .
Discussion
Hormones participate in the overall metabolic regulation and the maintenance of homeostasis during prenatal and postnatal life. The ability to regulate metabolism depends on adjusting secretory activity to respond to need. The fetus, for example, may secrete glucose independently to maintain its blood glucose levels during periods of maternal hypoglycemia [19] . Thus, although the mother is the source of energy in utero, the fetus does maintain some independent control of its metabolism. A second factor in hormonal regulation of metabolic control depends on the sensitivity of target organs to hormones. Our data show that as early as about 58 % of term the carbohydrate metabolism of fetal rhesus muscle in vitro is sensitive to epinephrine and that the hormone probably acts through the adenylate cyclase and the "second messenger" system of cyclic AMP as it does in adult muscle. The effects of epinephrine on the metabolic parameters measured in these experiments (decreased incorporation of 14 G into glycogen and increased lactate production) can be explained by the action of the hormone on adenyl cyclase to increase intracellular levels of cyclic AMP. In adult muscle, this nucleotide increases the activity of a protein kinase [26] , which activates phosphorylase b kinase to convert inactive phosphorylase b to active phosphorylase a and cause glycogen breakdown. Protein kinase also phosphorylates glycogen synthetase, converting it from an active (I) to an inactive (D) form and thereby depressing glycogen synthesis [26] . Increased tissue levels of glucose-6-P04 have been shown to inhibit hexokinase in adult muscle [29] . In our experiments, epinephrine decreased glucose uptake in both fetal and adult muscle. This decrease in glucose uptake could be explained by an increased level of tissue glucose-6-PO 4 caused by the increased glycogenolysis with epinephrine. This is evidence that the hexokinase of fetal muscle is sensitive to changes in levels of glucose-6-PO 4. Epinephrine increased lactate production in both series mainly from unlabeled glycosyl units of glycogen, yielding a lactate pool of lower specific activity which was reflected in the lowered production of 14 CO2-A decreased incorporation of label into glycogen would result from the cyclic AMPmediated decrease in the active form of glycogen synthetase, and from a lowered glucose uptake as well as increased breakdown of newly formed labeled glycogen.
The mechanism by which insulin promotes glycogen synthesis is controversial. An insulin-mediated increase in cyclic AMP phosphodiesterase activity has been reported [28] . Others have suggested that insulin promotes formation of an inactive complex of protein kinase [30] . Lowered intracellular levels of cyclic AMP or direct protein kinase inactivation would allow the balance of synthetase I to D interconversions to shift toward the I or active form and glycogen synthesis. Since synthetase I and phosphorylase a activities are present in significant amounts in fetal muscle at 80 days of gestational age, the potential for hormonal control of glycogen metabolism by epinephrine via cyclic AMP and by insulin is probably similar in fetal and adult muscle.
From the data of Hommes and Beere [16] , we estimate that the adenyl cyclase activity as measured by the conversion of 14 G-ATP to cyclic "G-AMP in skeletal muscle of the fetal rat was about 15-fold lower than that of adult muscle. In our experiments, the activity of the enzyme was twofold higher in fetal than in adult rhesus muscle in both the control and epinephrine series. Variation in the species used may explain the differences, inasmuch as, in terms of percentage of gestational age, striking differences in the occurrence of endocrine events have been demonstrated between man and the rat [18] 792 BOGEK, YOUNG, AND BEATTY Differences between adenylate cyclase activities in fetal and adult muscle of the rat and rhesus monkey may be due to other factors which are not directly associated with the enzyme action itself but which operate indirectly to affect the enzyme assay system. Variation in pool sizes and rates of turnover of precursor nucleotides would influence the amount of radioactivity found in the cyclic AMP isolated. Moreover, the tissues assayed contain phosphodiesterase, the enzyme that converts cyclic AMP to 5'-AMP. If the phosphodiesterases in fetal and adult muscle varied in activity or sensitivity to the inhibitory effects of caffeine, a greater or lesser rate of cyclic AMP degradation in the assay mixture would result.
The values found for Qo 2 an d glucose uptake in the 85-day rhesus fetal muscle were higher than those for a 125-day series (Q,o 2 , 1-2 ± 0.1 SE ,umoles/mg N/hr, glucose uptake, 0.30 ± 0.04 M mole/mg N/hr) [6] . The response of 85-day fetal muscle to insulin generally paralleled that of fetal muscle at 125 days [6] , although, in terms of the percentage change with insulin the effect on glucose uptake, 14 CC>2 production and conversion of glucose to glycogen was lower in the younger fetus. Clark [9] reported that insulin increases l-14 G-glucose uptake by fetal rat heart but had no effect on lactate or 14 CO 2 production. However, insulin increased the incorporation of labeled glucose into the cold trichloroacetic acid (TGA)-extractable fraction of glycogen but not the hot KOH-extractable fraction. It was concluded that, in fetal rat heart, a major portion of 14 G-glucose was incorporated into the outermost tiers of the glycogen molecule and that this incorporation was increased by insulin. In rhesus fetal muscle insulin increased the incorporation of 14 C-glucose into the KOH-extractable glycogen; the effect on the TCA-extractable glycogen was not measured.
Summary
Voluntary skeletal muscle from rhesus fetuses as early as 95 days of gestational age (about 58 % of term) was responsive to epinephrine in vitro. Epinephrine stimulated the adenylate cyclase system in fetal as well as in adult muscle; however, the level of activity in fetal muscle was about twofold higher than in adult muscle. Epinephrine decreased glucose uptake and incorporation into glycogen and stimulated glycolysis and glycogenolysis in fetal muscle. Insulin increased glucose uptake and glycogenesis in fetal muscle at 85 days of gestational age (52% of term). Both inactive and active forms of glycogen synthetase and phosphorylase were present in rhesus fetal muscle at 80 days of fetal age, and presumably, the interconversion of the two forms of the enzymes is responsive to epinephrine and insulin. If these results in vitro reflect metabolic conditions in vivo, then, irrespective of the source of the hormones, maternal or fetal, both insulin and epinephrine affect metabolic pathways in fetal muscle in a way that is qualitatively similar to that in adult muscle.
